Transmission and scanning elcctron microscopy of the ileal mucosae from 12 calves infected with Cryptosporidiurn sp. showed cryptosporidia free in the lumen and attached to epithelium. The attached parasites were interpreted to bc extracellular and adherent to the microvillous border of epithelial cells. Stages of the organism included crescentic-free merozoites, trophozoites. sehizonts, gametes and oocysts. Attached parasites were detected chiefly at villous tips and all stages were present o n a single villus. Attachment sites were characterized by absence or disintcgration o f microvilli. disorganization of the terminal web and development of a spccialized attachment zone. There were increased numbers of lysosomes and irregularities in the nuclear membrane of parasitized epithelial cells. It was concluded that cryptosporidia exist in bovine intestine as extracellular parasites and cause epithelial changes that in turn probably cause or contribute to diarrheal disease.
Cryptosporidia are coccidia of the suborder Eimeriorina, family cryptosporidiidae and the genus Cryptosporidiurn [9] . They are reported to occur in reptiles (81, chickens [3] , turkeys [19] , geese [17] , mice [21-231, rabbits [6, 241 , guinea pigs (4, 24, 251, lambs 111, calves [ l , 11, 12, 14, 15, 16, 181 , swine 161, monkeys 12, 71, and man [ l o , 131. These parasites are thought to be host specific. It is not known if cryptosporidia are pathogenic. In calves, however, they are commonly associated with diarrhea.
The complete life cycle of this protozoan is not known. In guinea pigs, trophozoites, schizonts in their first (eight merozoites) and second (four merozoites) generation and gametes with electron dense polysaccharide granules were seen within intestinal epithelial cells (251. In calves, oocysts attached to epithelial cells were found 11, 151 and free merozoites in the ileal contents and oocysts in feces were seen [lS] . There is controversy as to whether these protozoa are attached to epithelial cells [8, 20, 221 or whether they are intracytoplasmic [7, 25] .
Materials and Methods
Ilea (1 meter bcforc cntrance to cecum) from 12 calves with diarrhea. intcstinal villous atrophy and cryptosporidiosis as reported 11 S ] were further investigated by scanning and transmission electron microscopy. Several of the calves also were infected with enteric coronavirus or rotavirus of calves. or both I 151. The calves were anesthetized intravenously with sodium pentobarbital. The mucosal surface of a loop of ileum was exposed to cold cacodylate-buffered 2.5 % glutaraldehyde . then surgically removed and placcd in the same cold fixative. After 30 minutes. the intestinal wall was cut into 1 millimeter squares and fixed an additional 90 minutes. The sections were then washed in sodium cacodylate buffer at pH 7.4 overnight, stained in 1% OsO,. rinsed in buffer for 1 hour, dehydrated in graded ethanols and embedded in epoxy resin (epon 812). Sections 1 micrometer thick were cut from the blocks and. after being stained with toluidine blue, areas were selected and ultrathin sections cut. The ultrathin sections were stained with lead citrate and uranyl acetate. Additional pieces of ileum were taken from some calves and processed similarly. except that after they were cut into 1 millimeter squarcs they were covered with 2 % agar. This was done to retain any structures that might be loosely adherent to the epithelium or surface mucus. After being in buffer overnight. these samples were stained in 1% OsO, to which an equzl amount of saturated ruthenium-red solution was added to stain polysaccharides.
Additional ileal loops were intraluminally exposed to 10% buffered formalin. then removcd from the calf and held in 10% buffered formalin for at least 1 week. They were then cut into pieces, 2 to 3 mm' and washed in three to four changes of deionized glass distilled water to remove the formalin. These pieces were transferred to 3% glutaraldehyde for at least 1 week. The rest of the procedure used was an osmium-thiocarbohydrazide osmium (OTO) method IS]. All specimens were rinsed in deionized glass-distilled water. dehydrated in a graded series of ethanol and critical point dried in CO,. The specimens then were mounted on aluminum stubs with silver paint and viewed with a scanning electron microscope.
Results

Life Cycle
Cryptosporidia in different stages of their life cycles were demonstrated in all 12 calves by transmission electron microscopy and in the six calves examined by scanning electron microscopy. They were found either in the brush border attached to the epithelial cell surface or at the surface of the brush border. The terminology and classification for stages of the life cycle were based on the description of Cryptosporidium wrairi of guinea pigs [ 2 5 ] . Parasites were detectable with low power scanning electron microscopy as spherical bodies of various sizes distributed over the surface of atrophic villi. They were more concentrated at the tip of the villi but were also attached to the epithelial cell surface at the lower parts of villi ( fig. 1 ). Some villi had even more organisms per given area than seen in figure 1. Craters, representing evacuated schizonts, were visible on the villous surface as black sharp demarcated circles surrounded by a white halo ( fig. 2 ). Some of these, which were folded or collapsed, or both, were empty parasitic envelopes. Several stages in the life cycle were usually seen in a longitudinal section through the tip of a single villus. Adhesive stages of the parasite such as trophozoites, schizonts, gametes and oocysts were found as ovoid spherical organisms of different sizes and in various stages of development. Trophozoites were recognizable from their nuclei, nucleoli, endoplasmic reticulum and Golgi anlagen ( fig. 3 ) . Schizonts originating from trophozoites were seen in two types. O n e type contained eight merozoites and was therefore in the first generation of schizogony ( fig. 4) ; the other contained four merozoites and was in the second generation ( fig. 5 ) . Both stages also were seen by scanning electron microscopy ( fig. 6, 7) . In both types, merozoites were crescentic and each merozoite was surrounded by a parasitic plasma membrane. In the center within developing schizonts, a mass from which merozoites were derived was retained ( fig. 4a, 5 ) . Merozoites of first generation schizonts contained small, generally round electron dense granules. Schizonts from the second generation had a greater number of dense granules that were larger and more regularly arranged than those of the first generation. Gametes were recognizable by their large "polysaccharide" granules ( fig. 5 ) . In some of them, membrane-bound vacuoles of different sizes were seen. Nuclei and nucleoli were visible when there were many large dense granules. Some gametes were not attached, but were free in the ileal lumen. Differentiation between macro-and were often larger than any of the other forms. The parasitophorous envelope bordered an extended vacuole in the oocysts. The parasitic plasma membrane had spike-like protrusions in some oocyst cross sections ( fig. 8 ), but not in others. The developing sporont appeared to divide into four smaller sporozoites, some of which contained a nucleus and others small electron dense bodies. Cysts of this appearance also were seen in two of four fecal samples as reported previously Free parasites were detected after the fixed intestine had been covered with agar. They were crescentic or ovoid with multiple electron-dense granules of various sizes ( fig. 9a, b ) . Most of them had fuzzy surfaces, similar to those of epithelial cells. Flagella were not found. Most of these free stages were interpreted to be merozoites.
1151.
Host-Parasite Relationship
Parasites whose surfaces contacted only host glycocalyx were seen and interpreted as examples of the initial host-parasite contact ( fig. 10 ). Thin wisps of irregular filaments, stained with ruthenium red, extended from the parasitic glycocalyx to the host glycocalyx at this stage. There were depressions or craters in the epithelial microvillous surfaces involved in this initial contact. Microvilli under cryptosporidia in contact with epithelium were short, disrupted or effaced, regardless of the stage of the parasite ( fig. 3, 5 , 8, lo ). Microvilli surrounding cryptosporidia on some cells were elongated ( fig. 2, 3 , 10) .
In sections of parasites attached to the epithelium, the external membrane of the parasitophorus envelope was fused with the plasma membrane of the epithelial cell and formed an electron dense attachment zone ( fig. 11) . A vacuolated, finger-like structure, which was called the "feeder organelle ," developed in this zone.
In the infected epithelial cells the terminal webs were disintegrated and the rootlets gone; in some cells the terminal webs were partly replaced by the parasite. More lysosomes were in parasitized than in non-parasitized cells. In several immature absorptive cells the nuclei were lobulated ( fig. 5 ) . A few leukocytes were seen in the epithelial layer. 
Discussion
Cryptosporidia in the intestine of calves were morphologically comparable to those in guinea pigs [25] . In calves, oocysts and free stages (interpreted to be merozoites) also were found. Sporozoites were not seen free in the gut lumen. Stages interpreted to be oocysts were found attached to epithelial cells ( fig. 8 ) and also in fecal samples [ 151. They contained four sporozoites and some specimens had what appeared to be an internal membrane, perhaps a sporocyst wall. Cryptosporidia are not reported to have a sporocystic membrane [l , 81. It is not known where these oocysts undergo maturation, nor if a second host is needed to produce an infective sporozoite. Sporulation probably occurs in feces, outside the host, because cryptosporidia were detected in fecal samples stored for 45 days [ 151. An alternative hypothesis that is consistent with the available data but more completely documents the life cycle is that the structures labeled as second generation schizonts with four merozoites ( fig. 7 ) are instead, sporocysts containing four sporozoites, and that these sporocysts and sporozoites are shed in the feces. The fecal oocysts demonstrated [ l S ] may have been shed along with sloughed epithelial cells before sporulation was completed.
It has been proposed [2S] that the parasitophorus envelope of Cryptosporidium is of host origin because it is of similar width. contains a similar glycocalyx and is contiguous with the host cell plasma membrane. We don't believe these points prove that the membrane is of host origin. On the contrary. we think that the parasitophorous envelope develops indepcndcntly as the result o f parasite-directed synthesis of membrane material and glycocalyx. Thc following theory of extracellular development is proposed. Free stages in the intestinal lumen adhere to the brush border causing disruption of microvilli. As the parasite contacts the epithelial cell. the parasitophorous envelopc splits ( fig. 12. 13 ). Its external membrane fuses with the host cell plasma membrane to form a specialized attachment zone; the internal membrane of the envelope fuses with the parasitic plasma membrane forming an annular ring which is the outer limit of the "feeder organelle" ( fig. 11-13 ). The undulations of the "feeder organelle" develop from the fused parasitic plasma and internal envelope membranes. The electron dense attachment zone at the base of the "feeder organelle" consists of remnants of intermembrane material, the fused host cell plasma and parasitophorous envelope external membranes. Filaments extend from the fused membranes into the host cell cytoplasm (fig. 12 ).
The organism apparently is not highly toxic and does not destroy the host cell. The most important morphologic changes were loss or elongation of microvilli at the parasitic attachment site, with associated loss of rootlets and disintegration of the terminal web. The lack of microvilli probably impairs digestion and absorption, resulting in or contributing to diarrhea. Since cryptosporidia occurred along with rota-and corona-virus infections in some calves [ 151, it was difficult to differentiate between virus-induced and parasite-induced changes.
